The Hili Manu peridotite occupies a key position at the outer limit of continental crust on the north coast of East Timor. Most models for the tectonic evolution of the Outer Banda Arc interpret peridotite bodies on Timor, such as Hili Manu, as fragments of young oceanic lithosphere from the Banda Arc (upper plate). However, recent workers have used major-element geochemistry to argue that the peridotite bodies on Timor were derived from the Australian subcontinental lithosphere. Our major, trace and isotopic geochemical study of the Hili Manu peridotite body supports a supra-subduction origin from either a forearc or backarc position for the Hili Manu peridotite. In particular, the wide range in Nd and Sr isotopic compositions, overlapping that of arc volcanics from the Sunda -Banda Island arc, and highly fractionated Nb/Ta values indicate a supra-subduction setting. As there is no evidence for subduction beneath the rifted Australian continental margin, it is unlikely that the Hili Manu peridotite is Australian subcontinental lithosphere. This result, along with the clear supra-subduction setting of the Ocuzzi peridotite and associated volcanics in West Timor, gives support to the interpretation that the Miocene collision between the Banda Arc and the Australian continental margin has produced widespread 'Cordilleran'-style ophiolites on Timor.
INTRODUCTION
Fault-bounded peridotite bodies are common in suture zones and along major transcurrent faults. However, the tectonic significance of these bodies is debatable (Coleman 1971; Hamilton 1979; Dilek et al. 2000; Beccaluva et al. 2004) . In East Timor, a peridotite body outcrops as a fault block on the north coast, on the margin of continental crust in a modern island arccontinent collision zone. This body is of particular interest, because later events have not obscured its position in the orogenic belt, and also because it has retained its high-temperature mineralogy. The peridotite (Hili Manu peridotite) is remarkably fresh and has a complex history of high-temperature processes recorded in its disequilibrium textures and mineral assemblage.
The most common rock type in this body is a clinopyroxene-poor lherzolite, but there are smaller proportions of clinopyroxene-rich lherzolite and harzburgite. The dominant mineral assemblage is olivine, orthopyroxene, clinopyroxene, spinel and calcic amphibole. Low-temperature hydrous minerals are restricted in distribution. The chemical composition of the peridotite is very similar to mantle-derived spinel lherzolite nodules and some alpine peridotites (Berry 1981) . The internal variation of the peridotite suggests variable depletion by some combination of partial melting and liquid contamination of the residua.
Berry (1981) recognised three solid-state events from the mineral chemistry and texture. The earliest event is recorded by coarse exsolution lamellae of orthopyroxene in clinopyroxene porphyroclasts. These grains formed at 12508C. A later granoblastic texture equilibrated at 11008C, and finally the rocks were mylonitised at 800 -10008C and 800 -2000 MPa.
The Hili Manu peridotite body could be part of either the Banda upper plate (the Banda terrane) or the lower Australian Plate. If the Hili Manu peridotite is derived from the Banda Plate, we should expect to see a suprasubduction zone geochemical signature, as the Banda terrane is made up of volcanic and sedimentary sequences associated with the Sunda and Banda volcanic arcs that overlie a polyphase metamorphic complex (Audley-Charles & Harris 1990) . In contrast to the Banda terrane, the lower Australian Plate is made up of passive-margin rift-related sequences associated with the breakup of Gondwanaland beginning in the Permian (O'Brien et al. 1993; Harris et al. 1998) . As there is no evidence for any active subduction beneath this margin, we would not expect to find any subduction zone geochemical features in peridotite bodies derived from the lower Australian Plate, as a result of Miocene collision. Harris and Long (2000) argued on the basis of major elements only that the Hili Manu peridotites were relatively fertile compared with refractory forearc peridotites (Parkinson & Pearce 1998) and therefore most likely to be derived from the lower Australian Plate. In contrast, Berry (1981) argued the Hili Manu peridotite is a sample of the oceanic mantle trapped between the Java Trench and the Inner Banda Arc and hence is part of the upper Banda Plate. The aim of this report is to use the detailed trace-element and isotopic composition of the Hili Manu peridotite to resolve these conflicting interpretations.
REGIONAL SETTING
The island of Timor was formed by the Miocene collision between the northwest margin of the Australian continent and an island arc -subduction complex (Berry & McDougall 1986) . Timor is separated from the North West Shelf of Australia by a 3-km-deep trough that is underlain by crustal rocks characteristic of continental areas (Curray et al. 1977) . Gravity modelling confirms that continental crust continues to the northern edge of Timor (Chamalaun et al. 1976) . About 100 km north of Timor is a line of volcanic islands known as the inner Banda Arc. This arc is continuous with the volcanic chain through Java and Sumatra (Sunda Arc) and has active andesitic volcanoes along most of its length, except north of Timor.
Timor is presently rising rapidly (Chappell & Veeh 1978) . The geological structure is dominated by strong faulting, and a large range of rock types occurs on the island, commonly as small, fault-bounded blocks. Many are similar to rocks of the same age on the continental shelf to the south, whereas others have been correlated with lithological associations found in Sundaland (Carter et al. 1976; Milsom 2000) or have been identified as abyssal sediments.
The steep gradient in the gravity field across Timor is due to the rapid transition from continental to oceanic crust (Chamalaun et al. 1976) . In addition to this northsouth gradient, a local gravity high occurs 30 km east of Dili (Milsom & Richardson 1976 ) centred on the Hili Manu peridotite. The extent of this anomaly suggests a substantial extension of ultramafic rocks at depth.
GEOLOGY
The Hili Manu peridotite body abuts a large block of amphibolite-facies schists, the Aileu Formation, along a near-vertical fault on its southern margin (Figure 1 ). To the east, there is also a small block of amphibolite of ambiguous association (Berry 1979; Harris & Long 2000) , but the nature of this eastern contact is unknown. Berry and McDougall (1986) suggested that this massive amphibolite could be correlated with the Aileu Formation, but recently Charleton (2002) interpreted the amphibolite as allochthonous. The most common rock type of the Hili Manu peridotite body is a very fine-grained, brown-weathering lherzolite, in which orthopyroxene occurs as large, tabular porphyroclasts standing out on the weathered surface. A compositional layering, commonly 2 -10 cm thick, is defined by concentrations of orthopyroxene. The layering dips at a moderate angle to the south. There is also a strong foliation subparallel to the layering, which is defined by the dimensional preferred orientation of the tabular orthopyroxene grains. In a few areas, the peridotite is altered to massive, pale-green or brown serpentinite.
For this project, we have reanalysed the original samples reported by Berry (1981) . These samples have been moved to the University of Tasmania (UTAS) and are reported here with the new UTAS catalogue numbers.
SAMPLE SELECTION AND ANALYTICAL METHODS
The samples are the same as those of Berry (1981) and were collected from the peridotite where it crops out along the road and along the foreshore (Figure 2 ). Samples were ground in an agate mill to avoid any possible trace-element contamination. Some of the samples collected were from boulders along the foreshore. Major-and some trace-element analyses (Table 1) were performed at the School of Earth Sciences (UTAS) using X-ray fluorescence spectrometry (XRF) and the methods of Robinson (2003) . Additional trace-element geochemistry (Table 2 ) was performed at the School of Earth Sciences and Central Science Laboratories (UTAS) using inductively coupled plasma -mass spectrometry (ICP-MS) and the methods of Robinson et al. (1999) and Yu et al. (2000) . ICP-MS analyses were performed on duplicate high-pressure HF -HClO 4 digestions. Sub-boiling double-distilled acids and ultra-pure water were used, as were clean sampler and skimmer cones, ICP torch, spray chamber, nebuliser and sample-introduction tubes (including auto-sampler tubing). Prior to sample analysis, the instrument was purged for at least 24 h with 5% v/v HNO 3 and 0.05% v/v HF rinse solution. The international peridotite standard PCC-1 was also analysed along with the Hili Manu samples, and our results for this standard are compared with literature values in Appendix 1*. Isotope analyses (Table 3) were performed at the Max Planck-Institut fü r Chemie in Mainz by thermal ionisation mass spectrometry (TIMS) following methods outlined by Rampone et al. (1995) . Both leached and unleached aliquots of whole-rock powders were analysed. Whole-rock powders were leached in hot 6 N HCl, and the residue was thoroughly washed in H 2 O. During the period of analyses (1995) 
RESULTS

Major-and trace-element geochemistry
The major-and trace-element geochemistry of the Hili Manu peridotite is presented in Tables 1 and 2 . Compared with peridotite bodies from alpine, ophiolitic and abyssal environments, the Hili Manu peridotite is exceptional in being relatively free from alteration. Our analysed Hili Manu peridotite samples have an average LOI of 0.04 + 0.29%. In comparison, the abyssal peridotites reported by Niu (2004) are >60 vol% serpentinised with LOI >10%. The geochemical variations observed in the Hili Manu peridotite can confidently be attributed to primary mantle processes of partial melting, and melt infiltration and impregnation. There is no evidence of mineralogical or chemical modification after the hightemperature mylonitic fabric was produced. Anhydrous MgO contents of the Hili Manu peridotite vary from 37 to 45 wt%, and many major and trace elements display a strong correlation with MgO ( Figure 3 ). Geochemical modelling and experimental studies on a model Hili Manu peridotite composition demonstrate that these correlations are consistent with partial melting processes in the mantle (T. J. Falloon & R. F. Berry unpubl. data).
Many elements do not display good correlations with MgO, especially the low rare-earth elements (LREE) and high field strength elements (HFSE) such as Nb and Ta. Chondrite normalised REE patterns for the Hili Manu samples are presented in Figure 4 . Hili Manu lherzolite samples show LREE-depleted patterns (La N /Sm N < 1), whereas the harzburgites show LREE enrichment patterns (La N /Sm N > 1). The REE contents of the Hili Manu peridotite, in common with other peridotite suites (Takazawa et al. 2000 (Takazawa et al. , 2003 Niu 2004) , are inconsistent with a simple partial melting process and indicate that peridotite samples from the Hili Manu peridotite are not simple residues. In Figure 5 , we plot, in a similar manner to Niu (2004) , the correlation coefficients (R 2 ) of the REE with MgO and compare these with R 2 values from abyssal peridotite (Niu 2004 ) and the Horoman peridotite body (Takazawa et al. 2000) . As can be seen from Figure 3 , the R 2 values for the MREE to the HREE are all above 0.9 for the Hili Manu peridotite, and together these REE (Lu through to Sm) show a distinct 'plateau'. This result indicates that the variations in HREE and MREE are consistent with partial melting (T. J. Falloon & R. F. Berry unpubl. data), whereas the LREE (Nd through to La) are not. It can be seen from Figure 5 that the R 2 values for the LREE drop dramatically in a systematic manner for Hili Manu peridotite, indicating that another process or processes is required to explain their variation. A similar result is also evident for the Horoman peridotite ( Figure 5 ). The REE patterns for harzburgites from Hili Manu are similar to refractory peridotites from other mantle suites which show U-shaped normalised REE patterns (Prinzhofer & Allègre 1985; Jahn 1986; McDonough & Frey 1989; Sharma & Wasserburg 1996; Van der Wal & Bodinier 1996; Gruau et al. 1998; Parkinson & Pearce 1998; Godard et al. 2000; Takazawa et al. 2000 Takazawa et al. , 2003 Girardeau et al. 2002; Niu 2004) . The presence of U-shaped REE patterns in depleted residues suggests that they have been affected by an additional mantle process such as metasomatism or secondary fertilisation during the melt/rock reaction (Navon & Stolper 1987; Bodinier et al. 1990; Kelemen et al. 1992; Takazawa et al. 1992; Godard et al. 2000; Niu 2004 ).
Neodymium and strontium isotopic data
The Nd and Sr isotopic results for the Hili Manu peridotite are presented in (Becker 1996) . In the case of the Hili Manu peridotite, the harzburgites (which are the result of modally enriched bands of orthopyroxene) probably formed by melt channelling and reaction by a subduction-related siliceous melt composition (T. J. Falloon & R. F. Berry unpubl. data).
DISCUSSION
Comparison with other peridotite suites
Harris and Long (2000), based on major elements, compared the geochemistry of Timor peridotites (Figure 1 ) with other peridotite suites including alpine peridotites, Timor peridotite bodies were derived from Australian subcontinental lithosphere and exhumed during collision. The only exception to this conclusion is the Ocussi peridotite body (Figure 1 ) which has a very refractory major-element composition similar to peridotites from supra-subduction settings. The Ocussi peridotite body is also associated with volcanic rocks that have clear island-arc basalt affinities (Harris 1992). Therefore, at least one Timor peridotite body is clearly related to the Banda arc upper plate of the collision zone. The question is whether any of the other Timor peridotite bodies have a supra-subduction zone geochemical signature.
The Hili Manu peridotite, as discussed by Berry (1981) and Harris and Long (2000) , has a range in majorelement composition intermediate between fertile, relatively undepleted, continental peridotite bodies and more-refractory abyssal peridotites. The geochemistry of the Hili Manu peridotite suggests that it is not a simple partial melting residue and that it has undergone some other additional processes to produce the U-shaped REE patterns in the most depleted harzburgites, and the range in Nd and Sr isotope compositions. We argued above that similar features are displayed by peridotite bodies from ophiolites which have a clear suprasubduction setting.
Supra-subduction zone ophiolites form two broad groups in terms of their structure, tectonics and magmatic features Beccaluva et al. 2004) . 'Tethyan' complexes (e.g. the Oman ophiolite) consist of complete and extensive volcanic, dyke, plutonic and mantle sections that have been obducted as relatively intact slabs onto passive continental margins during collisions (Beccaluva et al. 2004) . 'Cordilleran' complexes (e.g. the Trinity ophiolite) mostly represent dismembered sections of arc volcanic, plutonic and mantle sequences associated with metamorphic rocks and tectonically emplaced, often with no clear relationships, onto or against a collisional continental margin (Beccaluva et al. 2004) . The Oman ophiolite has a clear subduction zone influence, reflected in the chemistry of its associated lavas (Pearce et al. 1981) , but the scale of the ophiolite is such that it records many features characteristic of major midocean ridge spreading centres (MacLeod & Rothery 1992) . In contrast, the dismembered Trinity ophiolite is a polygenetic supra-subduction zone ophiolite that formed in a trench-proximal extensional environment (Brouxel & Lapierre 1988; Metcalf et al. 2000) .
The peridotite from the Trinity ophiolite ( Figure 6 ) shows a range in Nd and Sr isotopic compositions even more extreme than the Hili Manu peridotite (Gruau et al. 1998) . In the case of the Oman ophiolite, Sharma and Wasserburg (1996) Nd value of 0.511997 for a harzburgite with a U-shaped normalised REE pattern. As can be seen from Figure 7 , the trace-element-normalised abundance patterns of lherzolite and harzburgite samples from the Hili Manu peridotite are very close to similar lithologies from the Oman ophiolite (Godard et al. 2000; Girardeau et al. 2002; Takazawa et al. 2003) . These comparisons are interpreted here as evidence that the Hili Manu peridotite was derived from a supra-subduction zone setting rather than a continental setting. Gruau et al. (1998) reported a detailed study of peridotites from the Trinity ophiolite. They argued on the basis of oxygen, carbon and hydrogen stable-isotope values in serpentinised peridotites that the enrichment in LREE and isotopic values of the Trinity ophiolite was more likely to be related to a late-stage crustal-derived fluid that had pervaded the peridotite protolith during emplacement onto the North American continental margin. The alternative hypothesis is that the enrichment in LREE and isotope values occurred through a high-temperature interaction of melts/fluids derived from a subducted crust when the peridotite protolith was located in a supra-subduction setting.
One possible way to distinguish between these two models is to consider the variation of Nb, Ta, Zr and Hf. Experimental data on partitioning of HFSE between solid and fluids indicate that fluids derived from a slab or a continental source are unlikely to carry significant HFSE (Brenan et al. 1994; Stolz et al. 1996; Audétat & Keppler 2005; Kessel et al. 2005; Tropper & Manning 2005) . In contrast, experimental studies demonstrate that these ratios can be fractionated by solid/melt equilibria (Foley et al. 1999; Green et al. 2000; Tiepolo et al. 2000) . Thus, any changes in Nb/Ta or Zr/Hf ratios must be attributed to addition or removal from a melt. In Figure 8 , the Nb/Ta and Zr/Hf values of the Hili Manu samples are plotted with whole-rock peridotite values from alpine (Balumucci, Ronda, Horoman) and abyssal peridotites, and supra-subduction peridotites (Oman ophiolite, Tongan Forearc -Trench).
Experimental studies combined with studies of terrestrial rocks (Godard et al. 2000; Rudnick et al. 2000; Takazawa et al. 2000; Weyer et al. 2002 Weyer et al. , 2003 suggest that the bulk distribution coefficients between solid/melt are in the following order D Nb < D Ta and D Zr <D Hf . Therefore, partial melts will have super-chondritic ratios (chondritic Zr/Hf * 36.3 and Nb/Ta * 17.57), but residues will be highly depleted in Nb, Ta, Zr and Hf with substantially sub-chondritic Nb/Ta and Zr/Hf ratios. The predicted trends for residues and melts are shown on Figure 8 suggest that the melt/rock reaction process involved a melt composition distinct from that which was involved in the petrogenesis of alpine and abyssal peridotite protoliths. Stolz et al. (1996) suggested that high Nb/Ta ratios are produced by partial melts of subducted oceanic crust/subducted sediment. Therefore, the high Nb/Ta ratios of the Hili Manu peridotite are consistent with a supra-subduction origin for the original peridotite protolith, which was subsequently faulted against the Australian continental margin.
CONCLUSIONS AND IMPLICATIONS FOR TIMOR PERIDOTITES
Most models for the tectonic evolution of the Outer Banda Arc interpret peridotite bodies on Timor, such as Hili Manu peridotite, as fragments of oceanic lithosphere derived from forearc (Hamilton 1979; Sopaheluwakan et al. 1989) . However, Harris and Long (2000), using major-element geochemistry, considered most of these peridotite bodies to be derived from the Australian subcontinental lithosphere and that no Oman-style ophiolite emplacement took place. Our geochemical study of the Hili Manu peridotite body supports the model that the peridotite bodies associated with the outer Banda Arc represent pieces of oceanic lithosphere from a supra-subduction setting from either a forearc or backarc position. In particular, the Nd and Sr isotopic composition and HFSE ratios such as Nb/Ta indicate that the Hili Manu peridotite was not derived from a continental or mid-ocean ridge environment. This result, along with the clear supra-subduction setting of the Ocuzzi peridotite and associated volcanics in West Timor, gives support to the model that the Miocene collision between the Banda Arc and the Australian continental margin is an analogue for 'Cordilleran'-style ophiolites and their emplacement (Beccaluva et al. 2004) .
